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ABSTRACT

For most ground responseanalyses,the shearmodulus is an important parameter to be determined and it hasto be measuredover a
large strain range, so as to characterisethe soil behavior under various loading conditions. Laboratory measurementof shearmodulus
covers a limited strain range depending on the test method. The main difficulty lies in the determination of the shearmodulusat very
small strains. In this respect, geophysical methods are more attractive. One of thesetest methods, which usesa continuous surface
wave, is usedto obtain the shearmodulusprofile at two sitesin Singapore. The Continuous Surface Wave System (CSWS) is a nonintrusive field geophysical test consisting of a vibrator source and several receiver geophonesconnected to a computer system. The
computer collects and analysesthe field data, and provides a shear modulus profile at the test site. Conclusionsfrom the field tests
support published literature that such field seismic tests are capable of measuring the low-strain shear modulus well. The
interpretation of field test data in the absenceof specific stratigraphic information can pose some difficulties. An important part in
interpreting continuous surface wave measurementdata is in the selection of a suitable inversion tool so as to derive the correct shear
modulus profile for the site under consideration. A finite element approach (using LS DYNA) is investigated for inversion of field
test data. Data obtained from S-wave cross-holesurvey are also compared with field testsdata obtained using CSWS.

INTRODUCTION

.

Information relating to the in-situ strength and elastic
properties of soil are key parameters that are required for
geotechnical analysis and design of engineering structures.
The measurementof shearmodulus, G, and hence the stiffness
of the ground, was traditionally derived using laboratory tests
and plate load tests.
Several important discoveries,
particularly in the past decade, have provided geotechnical
engineersthe impetus to make a shift and rely increasingly on
geophysical methodsfor accurate determination of the in-situ
shear modulus. The findings that led to the shift towards
geophysical measurements for ground profiling are
summarisedbelow:
l

.
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Laboratory tests with local strain measurementshave
shown that the stress-strainbehaviour of many soils are
highly non-linear, with very high stiffness being observed
at small strains(seeFig. 1) (Matthews et al. 1996).
Conventional laboratory tests are not apt for the
measurementof soil stiffness at small strains, due to
sampling
disturbance,
bedding
errors
and
unrepresentative sampling (Burland and Lord 1970,
Jardine et al. 1986). Field methodslike the plate loading
testsare very expensive and rarely used.

The ground deformations exhibited by full-scale
structures could be predicted satisfactorily if non-linear
formulations (incorporating very high initial stiffness) are
used. There is thus a growing appreciation for the
measurementof very small strain stiffness, G,,,.
Field
4
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Most soils behave elastically at very small strains (i.e.
O.OOl%), giving rise to a constant stiffness, and thus
providing an upper bound (i.e. G,,,) for stiffness
measurement,Fig. 1. The theory of elasticity can be
directly usedto derive the ground stiffness by considering

.

the propagation of elastic waves in an elastic medium. At
large strains (>O. 1%). plastic behaviour dominates and the
stiffness approaches a minimum value (G,,) (Jardine et
al. 1986).
Geophysics can be used to determine the in-situ shear
modulus. However, an appropriate reduction factor should
be applied to the measured G,,, to account for the
expected strain level (see Moore 1986, Matthews et al.
2000).

CONTINUOUS

varying the frequency of disturbance, velocity measurements
can be made over a range of depths. The resulting field
dispersion curve can be inverted to produce a profile of
surface wave velocity with depth.

SURFACE WAVE SYSTEM

Seismic Theory
Geophysical methods are based on the fact that the velocity of
propagation of a wave or impulse in an elastic body is a
function of the modulus of elasticity, Poisson’s ratio and the
density of the material (Hvorslev, 1949). Four types of elastic
wave, all of which travel at different velocities may be
propagated when a seismic source is introduced to the ground.
Unlike a falling weight or explosive charge, which will
produce a single elastic impulse, a continuous surface wave
system produces a continuous supply of impulses by a vibrator
applied to the ground. The impulses produce compression (P)
waves, shear (S) waves, Rayleigh waves and/or Love waves.
P and S waves are collectively known as body wuves, whilst
Rayleigh and Love waves are termed as surface waves.
In a uniform infinite medium, only P and S waves appear.
However, if the medium is bounded or non-uniform (e.g. as in
soils) surface waves appear. Surface waves have depths of
penetration depending on their wavelength. This means that
surface waves of different wavelengths propagate at different
velocities because they penetrate the ground to different
depths. This is sometime termed as the dispersive nature of
surface-wave propagation, and can be used to obtain a field
dispersion crtrve. In practice, it is the Rayleigh waves that are
detected in surface wave surveys. The receivers will not
detect love waves as the waves are horizontally polarised
(Gordon et al. 1995).

Fig 2. Schematic equipment set-up for the CDS Continuous
Surface Wave System (CDS 1998)
Formulation
Consider a simple case in which a continuous vibratory source
of surface wave is placed on the ground and driven at a known
frequency, f. Two geophones, positioned at distance, d, apart
will experience a phase difference, 0 (in radians), due to a
train of steady state signals that pass between them, as shown
in Fig. 3.

Fig 3. Determination of Phase Angle
By proportions,

Overview of the Continuous Surface Wave System (CSWS]
A continuous surface wave system (CSWS) developed by
GDS Instruments Limited (GDS 1998) is used for the shear
modulus profiling in this study. A schematic set-up of the
GDS system is shown in Fig. 2.
A computer controlled inertial vibrator (mass of 64 kg) applies
a regulated and measured continuous vertically polarised
disturbance to the ground surface. This generates surface
waves (5 Hz to 100 Hz) which are detected by a line of
geophones (either 2 Hz or 4.5 Hz) which are collinear with the
vibrator. The signals from the sensors are fed back to the
computer, which analyses the phase relationships and
computes the velocity of surface waves. By progressively
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The velocity of the Rayleigh wave, V,, of frequency f at the
site is given by the familiar relationship
v,=f?L

(2)

A plot of VR against h for various frequencies is called the
field dispersion curve.
According to elastic theory, the
velocity of shear wave propagation V, is related to V, by
v, = PV,

(3)

Where p is a function of the Poisson’s ratio, V, and varies from
1.088 and 1.047 for v = 0.25 and 0.5, respectively. The shear
modulus, G, can now be related to the shear wave velocity by

2

Field tests
G = PV,’
Where p is the bulk density of the soil.
Equations (3) and (4) above, we get

(4)
By combining

G = p p2VR2
Inversion
In order to use the above expressions, it is also necessary to
determine the depth over which the stiffness values apply.
With the field dispersion curve available, the stiffness-depth
profile can be established by an inversion procedure.
Inversion is the process of converting a field dispersion curve
to a Rayleigh velocity-depth relationship. There are three
principal inversion methods:
.
.
.

The factored wavelength method (also called wavelengthdepth method)
Finite element approach.
Linear models

Factored wavelength method.
The GDS CSWS uses a
factored wavelength of (tiz) = 3 for inversion purposes, where
z is the depth (also see Gazetas 1982 for discussion). As an
illustration, consider a phase velocity, VR, of 100 m/s
associated with a wavelength, h, of 12m from a field
dispersion curve. The shear modulus, G, can be computed
using Equation (5).
Assuming (h/z) = 3 applies, the
corresponding depth at which the shear modulus occurs is
simply computed as (12/3) = 4m.
Using this ‘simple
inversion’ procedure, the shear stiffness profile for any site
can be obtained from the field dispersion curve.
Finite element approach.
The finite element method is
computationally more involved and requires the generation
and progressive matching of a synthetic dispersion curve with
the field dispersion curve, by iteratively adjusting the initial
stiffness distribution and/or depth. (Groetsch 1993). Generally,
a 2-D axisymmetric finite element mesh incorporating nonreflecting boundaries would be adequate for analysis. The
nodal information (time domain) is Fourier transformed, to
decompose the continuous system response to its harmonic
wave components (frequency domain). The gradient of the
plot of phase angle against distance from source will provide
the Rayleigh wavelength for that frequency. The process can
be repeated for various frequencies, thereby yielding a
synthetic dispersion curve.
Linear models.
Linear models have been proposed by
Nazarian and Stokoe (1984) (the “Haskell-Thomson” method)
and by Rix and Lai (1998). Rix and Lai (1998) introduced a
coupled linear inversion model for both shear wave velocity
and damping.
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Field tests were conducted at a residual soil site and a soft soil
site. The field tests were carried out using six numbers of 4.5
Hz geophones spaced 0.5m apart and placed collinear with the
vibrator. The vibrator was programmed to propagate surface
waves of frequency 10 Hz to 100 Hz at 10 Hz increment
initially, so as to establish the average stiffness of the ground.
The frequency runs were subsequently varied from 5 Hz to
100 Hz at smaller increments to obtain a more accurate shear
modulus profile of the ground.
Residual soil site. A typical borehole log of the residual soil
site is shown in Fig. 4a. The site consists of a fill material
underlain by residual soils, and completely weathered
sandstone and siltstone. The shear modulus profile obtained
using the CSWS is shown in Fig. 4b.
Several observations are evident from the borehole log and
CSWS results. The presence of a fill layer containing rock
fragments, broken concrete, etc., caused a drift to be present in
the shear modulus profile.
This drift is ignored in the
analyses. The shear modulus profile also shows changes in
stiffness at about 6.5m and about 14m depth. The borehole
log supports this observation, as a sandstone layer was
encountered at about 6.3m depth.
As the borehole was
terminated at 9.2m, the presence of a stiffer deposit at 14m
depth cannot be verified.
Soft soil site. A typical borehole log is shown in Fig. 5a. The
site consists of a 3.5m fill underlain by a 3m black organic
clay, followed by a marine clay layer. The shear modulus
profile obtained using the CSWS is shown in Fig. 5b. Figure
6b shows that the CSWS was able to penetrate to a limited
depth only.
The shear modulus profile also shows the
presence of a softer stratum, as a change of stiffness can be
observed at about 3.5m deep, which is also shown in the
borehole log as a change from the fill to the organic clay.

ANALYSIS

AND DISCUSSION

Finite element analysis
Although Figs. 4b and 5b only provide a shear modulus
profile, it is possible to obtain the corresponding field
dispersion curve from the CSWS data files, as these files
provide the corresponding frequency for the shear modulus.
The phase velocity and wavelength can thus be computed
using Equations (2) to (5).
Finite element analyses were undertaken using LS-Dyna, with
FEMB Pre- and Post-processors (Livermore Software
Technology Corp. 1998), running on a stand-alone PC. The 2D axisymmetric finite element (FE) models with an estimated
initial shear modulus profile for the residual and soft soil sites
are shown in Fig. 6. The FE model used for the residual soil
site and the soft soil site comprised 4700 and 3400 four-noded

3

.

quadilateral elements, respectively. Non-reflecting boundaries
were specified to avoid the effects of unwanted reflected
waves.

Strata

Description

(b)
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Fig. 4. (a) Borehole log of residual soil site. (b) CSWS shear modulus profile

0
- I
7
-3
-4
-5
-6
-7
-8

Fig. 5. (a) Borehole log of sof soil site. (b) CSWS shear modulus profile
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Fig. 6. FE model and starting shear modulus profile for
residual soil site and soft soil site

1.53

(b)

Details on geotechnical inversion can be found in Groetsch
(1993) and Honjo et al. (1998), and will not be repeated here.
Briefly, the theory states that if an inverse problem has a
solution, then that solution should be non-trivial (i.e. unique)
and should be insensitive to small changes of the observed
values (i.e. stable). The wave propagation problem is thus
reduced to an eigenvalue problem. Extending the theory, a
unique solution for a shear modulus profle exists if a match
could be obtained between the field and synthetic dispersion
curves, and the solution is stable.
The field dispersion curve and synthetic dispersion curve for
the depth under consideration are shown in Figs. 7(a) and (b).
A reasonable match was achieved after 12 iterations for the
residual soil site. For the soft soil site, the solution converged

4

after 9 iterations. The commencing and final soil profiles at
the end of FE analyses are shown in Figs. S(a) and (b).
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consisting of till and residual soil. However, the assumption
slightly underestimates the shear modulus for the weathered
sandstone. A better estimate can be obtained for this layer
using (h/z) = 3.2.
The mismatch in the soil profile from soil investigation works
and shear modulus profile using the CSWS can be reconciled
as the stratification in the borehole log are largely by visual
observation.
Also, as the CSWS method employs an
inherently averaging technique, minor variations in strata
thickness may not be reflected as accurately as in the borehole
log. However, a good representative estimate of the ground
stiffness can be obtained using the CSWS.
Table I. Comparisorl of G,,, using FE analyses and CSWS
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Fig. 7.Synthetic andjield dispersion curves. (a) residual soil
site. (b) soft soil site.

Data obtained from the soft soil site are compared with shear
wave velocity obtained using cross-hole survey in Fig. 9. The
results show a good match between the CSWS and the crosshole survey, despite the limited penetration depth of the
csws.
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Fig. 9. Comparison of CSWS data with cross-hole survey at
rhe soft soil site

(0)

(b)
CONCLUSIONS

Fig. 8. Starting and final FE shear modulus profile.
residual soil site. (b) soft soil site.

(a)

From the FE analyses, it is possible to determine the extent to
which (A/z) = 3 used by the GDS software matches the
inverted profile. As an illustration, a few points from the FE
analysis for the residual soil site are selected and their (h/z)
ratio is computed (Table I). Table 1 shows that the (h/z) = 3
assumption provides a good estimate for the top strata
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New findings and better understanding of the physical
behavior of soils, especially over the last decade have
facilitated the shift towards geophysical methods for shear
modulus profiling. The non-linear stress-strain behavior
exhibited by most soils has spurred a growing
appreciation for rhe measurement of very small strain
stiffness, G,,.
Such measurements also allow more
accurate deformation predictions to be made.

5

Although the theory underlying use of geophysics for
measurement of soil stiffness is not new, there has been
keen interest on inverse analysis of the field dispersion
curve, and several inversion schemes are now available,
including the use of finite element methods. The (h/z)
method and a FE approach have been illustrated in this
paper.
The CSWS is non-invasive and tests a large zone of soil
and so the method avoids the problems of borehole based
methods, i.e. sampling disturbance and unrepresentative
sampling.
As the CSWS method is an inherently
averaging technique, minor variations such as thin seams
or localised changes in soil profile may not be captured,
as observed from the field tests.
The field tests suggest that the CSWS can provide shear
modulus profiles up to a depth of 20m in residual soils
and up to about Sm in soft soils. CSWS results should be
read in conjunction
with available stratigraphic
information so as to aid in the interpretation of shear
modulus profile, e.g. the presence of a drift in the CSWS
results of the residual soil site.
The analyses show that a regular 2D axisymmetric FE
model can be used to obtain a synthetic dispersion curve
which matches well with the field dispersion curve. The
starting soil stiffness and the profile depth can be
estimated from available borehole log and the CSWS
shear modulus profile. The strata information given in the
borehole log may not necessarily match the shear
modulus profile from FE analyses, as the borehole log
stratification are largely by visual observation only.
Existing field test data from S-wave cross-hole tests offer
a good opportunity to make comparisons with data
obtained using CSWS. The results show a reasonable
match between the shear wave velocity profile obtained
using the cross-hole survey and CSWS.
Additional tests and analyses have been planned to obtain
a better insight of the shear stiffnesses of Singapore soils.
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